Lattice-Based Monte Carlo Simulations of Lipid Membranes: Correspondence between Triangular and Square Lattices  by Artemieva, Anastasiia B. et al.
290a Monday, February 17, 2014was found to be greater than that of POPC in all the above mixtures. An equi-
molar DPPC/POPC membrane exhibits a clear solid-ordered (so)-liquid disor-
dered (ld) transition between 5 oC and about 33 oC as observed for each lipid
by a fairly steep reduction in the average spectral width. Adding sterol gener-
ally results in a more gradual change in average spectral width over this tem-
perature range. Depending on the particular sterol, NMR spectra taken in this
temperature range either appeared poorly resolved (‘‘blurry’’) or displayed
coexisting liquid ordered (lo) and ld spectra. Liquid-liquid phase coexistence
is observed in DPPC/POPC/ergosterol mixtures. The spectra for DPPC/
POPC/ brassicasterol only exhibited liquid-liquid coexistence when a small
concentration (0.02 mol%) of the fluorescent lipid dye TR-DHPE was added
to the system. Only one liquid phase was observed for either DPPC/POPC/
7DHC or DPPC/POPC/stigmasterol. In summary, our interest was to study
how liquid phase coexistence in DPPC/POPC/sterol is modified by small
changes in the sterol structure. These studies show that ergosterol is the
most effective sterol in fostering phase coexistence. Note that in comparison
to cholesterol, which does not cause micron scale phase coexistence in
DPPC/POPC, ergosterol has an extra double in the fused ring, as well as a
double bond at C22. Possible connections between the detailed sterol struc-
tures and these observations will be discussed.
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Recently a novel class of lipids has been synthesized, namely Zwitterionic
inverse-phsophocholine (iPC) lipids. These lipids contain head groups with
an inverted charge orientation with respect to phosphocholine (PC) lipids.
The inversion of the dipole moment of the headgroup is expected to have dra-
matic effects on local electrostatics, which can affect their ability to transport
ions and electroporate. We used molecular dynamic simulations to investigate
the physical properties of two iPC lipid bilayers whose headgroups have a
quaternary amine adjacent to the bilayer interface and a phosphate that ex-
tends into the aqueous phase. Specifically, we focus on the profile of the
transmembrane potential and compare it to that of POPC, and find that it is
positive and on the same order as POPC. We also find that the lipid and water
components of the electric potential profile of iPC lipids are inverted and
have different magnitudes with respect to POPC. To rationalize these similar-
ities and differences, we perform an analysis of their charge density
distributions.
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We report the solved 3-component phase diagram for the biologically rele-
vant mixture of brain-SM/ SDPC (18:0,22:6)-PC/cholesterol. Polyunsaturated
acyl chains can have special influences on the mixing and phase behaviors of
lipid mixtures. Their high degree of unsaturation affects the physical proper-
ties of biomembranes in ways that are still not fully understood, and their
high concentration in some membranes makes them key players in membrane
structure. FRET techniques and fluorescence microscopy imaging of giant
unilamellar vesicles (GUVs) were employed for phase boundary visualization
and phase identification of this 3-component mixture. Fluorescent lipid
probes having complementary partitioning behavior were used to distinguish
between phases. Of particular interest is the ‘‘raft’’ region of Ld þ Lo phase
coexistence, which shows phase separation by FRET methods, yet GUVs
appear uniform under microscopy. Taken together these results indicate nano-
scopic Ld þ Lo phase separation in brain-SM/ SDPC (18:0,22:6)-PC/choles-
terol mixture.
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Electroporation is an efficient method for intracellular delivery. Although
popular, the molecular details of this process are not well understood. Study-
ing of various aspects of membrane electroporation using cells is difficult due
to their inherent complexity. The use of membrane models such as giant uni-
lamellar vesicles (GUVs) offers the advantage of well-controlled conditions.
Strong electric fields induce deformation and poration of GUVs, with a char-
acteristic relaxation time (Trelax) and pore lifetime (Tpore). Here, we inves-
tigate the response of GUVs to electric pulses in three different conditions:GUVs encapsulating agarose polymer, and charged GUVs in the presence
of NaCl and Triton X-100. Electroporation of vesicles with encapsulated
agarose leads to larger values of Tpore and Trelax. For agarose, around
20% of the GUVs expel a gel-like meshwork through the formation of
very large pores. Moreover, in most cases the membrane remains permeable
to small molecules after macropore closure. These effects do not depend on
membrane composition. Negatively charged GUVs in the presence of NaCl
display macropores with long lifetime, which quite often lead to vesicle burst
as the membrane is transformed into nanotubes along the pore rim. Vesicle
bursting and Tpore depend on the fraction of the negatively charged lipid
POPG and on [NaCl] (0-5mM). Membrane composition is not altered at
the pore rim. In the presence of non-solubilizing concentrations of Triton
X-100, electroporation of negatively charged GUVs display a large distribu-
tion of Tpore values as compared with Tpore in the absence of Triton X-100
or for neutral GUVs. In summary, Tpore is a suitable parameter in the inves-
tigation of various membrane properties under different conditions. Acknowl-
edgments: FAPESP.
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Although phosphoinositides (PIPs) comprise only a small amount of the total
lipids in the inner leaflet of the plasma membrane, they have been shown to
play an integral role in many membrane trafficking events. As a precursor to
PIPs, Phosphatidylinositol (PI) is also involved in these signaling events. In
previous studies we have observed binary mixtures of PI/PC and PI(4,5)P2/
PC did not yield macroscopically discernible domains, but upon the addition
of cholesterol, the mixture was condensed. In addition, we have also observed
the cholesterol independent domain formation in ternary mixtures of PI/PI(4,5)
P2/PC. Currently, we believe that PI causes a ‘‘dilution’’ of the negatively
charged headgroup of PI(4,5)P2, allowing this condensation effect to occur.
We have extended this study to include fluorescence microscopy measurements
of GUVs and monolayers at the air/water interface ternary mixtures of PC/PI/
P(4,5)P2. To better mimic the inner leaflet of the plasma membrane, we will
then move ternary mixtures including PE/PI/PI45P2, PE/PI/Cholesterol, and
PE/PI(4,5)P2/ Cholesterol.
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C60 fullerene has a wide variety of applications, from nanomedicine to energy
production. Most of these applications require fullerene to be dissolved, at one
point. However, dissolving fullerene is difficult because of its low solubility in
most common solvents, including apolar ones like alkanes. Despite low solubi-
lity in alkanes, fullerene has been shown to permeate and spread in lipid bila-
yers under certain conditions. The interior of a lipid bilayer is chemically
identical to alkanes, so it is not clear why fullerene behavior in bilayers and al-
kanes would be different.
We used molecular dynamics simulations and the MARTINI coarse-grained
force field to understand the different behavior of fullerene in alkanes vs lipid
bilayers. We find that the free energy of association between fullerenes in bi-
layers is lower than in alkanes, and the difference is due mostly to enthalpic
contributions, not entropic ones. Confinement of fullerene in the bilayer thick-
ness and alignment of the lipid chains do not contribute to fullerene dissolution
in membranes. On the contrary, high solvent density and limited perturbation of
solvent-solvent interactions upon solute aggregation favor fullerene dissolution
in bilayers. Lipid bilayers are ubiquitous in living systems and their physical
properties can easily be tuned by altering head group composition and chain
length. We conclude that lipid bilayers are effective, tunable and biocompatible
solvents for C60 fullerene.
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We have recently demonstrated [1, 2] that lattice-based Monte Carlo (MC)
allows one to study the structure and dynamics of membranes on experimen-
tally relevant spatial scales and time intervals with moderate computational
Monday, February 17, 2014 291aexpenses. To date, most of lattice-based MC simulations of lipid membranes
have been carried out on triangular lattices. Previously we have argued [1, 2]
that the particular lattice geometry in MC simulations should not matter for
reproducing the properties of the membrane at scales larger than the lattice
unit, provided that the lipid-lipid interaction parameters are properly rescaled.
Still, it remained an open question whether there exists a single conversion
factor for all lipid-lipid interaction parameters to achieve identical results
on triangular and square lattices, or the different interaction parameters
have to be adjusted individually. Here, based on the properties of the Ising
model, we demonstrate that one can indeed choose a single numerical coef-
ficient to rescale all lipid-lipid interaction parameters depending on the lattice
type, which provides one-to-one correspondence of thermodynamics proper-
ties of lipid membranes in lattice-based MC simulations on triangular and
square lattices.
[1] J. Ehrig, E. P. Petrov, and P. Schwille, Biophys. J.100 (2011) 80.
[2] J. Ehrig, E. P. Petrov, and P. Schwille, New J. Phys.13 (2011) 045019.
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The physiochemical properties of sodium di-2-ethylexylsulfoccinate (AOT)
reverse micelles in isooctane have been examined since the 1940s by various
spectroscopic methods including NMR, neutron scattering, X-ray scattering,
quasi-elastic light scattering, and infrared spectroscopy. Several attempts
have also been made to create a computational model of a reverse micelle.
However, studies to date leave several important questions unanswered about
the size and stability of reverse micelles. To address the questions that remain
unanswered about the equilibrium size of a reverse micelle, we have conducted
simulations of small AOT reverse micelles in isooctane at constant pressure and
temperature. Results show that the shape of a reverse micelle depends on its
size, i.e. its surface area to volume ratio, and that the density of water within
the reverse micelle is density is significantly less than that of bulk water. These
results must be considered when interpreting experimental studies about the
equilibrium size of a reverse micelle. These studies lay a foundation for future
studies of encapsulated polypeptides and reverse micelles made from surfac-
tants other than AOT.
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Advances in lipidomics are detailing the compositional and dynamic
complexity of cell membranes such as leaflet asymmetry, lipid nano-
domains, local curvature, lipid diffusion and lipid composition and distribu-
tion. These complexities alter how the membrane interacts with proteins and
hence have the potential to control the functional behaviour of proteins and it
has become clear that the cell membrane does not only act as a barrier but
also plays an important role in controlling the function of proteins such as
activation of Kþ channels by 4,5-bisphosphate phosphatidylinositol (PIP2)
[1], the regulation of the epidermal growth factor receptor by the glycolipid
GM3[2] and cholesterol modulation of G-protein coupled receptors[3]. Previ-
ous computational studies of membrane proteins have generally been limited
to symmetric single lipid component bilayers. We have developed an
approach to create highly complex asymmetric biologically relevant mem-
brane models allowing us to obtain a better understanding of membrane prop-
erties and enabling us to explore functionally important protein-lipid
interactions. We explore properties of biological relevant membranes such
as nano-domain formation of certain lipid types but also more macroscopic
properties such as membrane undulation and curvature in relation to lipids
types and lipid clustering. Extending the system dimensions to > 100 nm
allow us to explore membrane dynamics on length scales comparable with
experimental ones. The simulations indicate stabilization of curved areas
by lipid nano-domains and a tight correlation between lipid species and cur-
vature. We will also explore protein properties such as oligomerisation of e.g.
signalling receptors in an ‘‘in vivo in silico’’ approach.References:
[1] Suh, B.-C. and Hille, B. (2008) Annu. Rev. Biophys. 37, 175-95.
[2] Coskun, U¨. et al. (2011) Proc. Natl. Acad. Sci. USA, 108, 9044-48.
[3] Zocher, M. et al. (2012) Proc. Natl. Acad. Sci. USA, 109, E3463-72.
1487-Pos Board B217
Multiscale Modeling of Four Component Lipid Mixtures: Coarse Grained
and United Atom Simulations Reveal Trends in Phase Separation
David G. Ackerman, Gerald W. Feigenson.
Cornell University, Ithaca, NY, USA.
The cell plasma membrane is often modeled using three-component mixtures
containing a high melting lipid, a low melting lipid and cholesterol. These
ternary mixtures exhibit either nanoscopoic or macroscopic liquid-liquid
phase coexistence. An additional patterned phase morphology can exist in
four component systems which combine a high melting lipid, cholesterol, a
nanodomain-inducing low melting lipid and a macrodomain-inducing low
melting lipid. The molecular-level details governing these different phase
morphologies are not yet known. Here, we utilize molecular dynamics simu-
lations to analyze how phase separation evolves in a four component mixture.
We present data for 11 mixtures at a fixed composition of (16:0,16:0)-pc/
(18:2,18:2)-pc/(16:0,18:2)-pc/Cholesterol (DPPC/DLiPC/PLiPC/Chol), where
PLiPC is incrementally replaced by DLiPC from one simulation to the next.
Each simulation was run to equilibrium over 25 ms using the Martini coarse
grained forcefield and was then converted to united atom and run for a further
100 ns. We investigate trends in domain size, composition, interleaflet
coupling and properties of the domain interface as a function of replacement
of PLiPC by DLiPC.
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membranes are permeabilized. Under specific conditions, EP may be revers-
ible, in which case membranes and cells recover their initial state when the
applied field is turned off. Due to the availability of corresponding electronic
devices, early studies have involved applying electric pulses of microsecond
duration. Under such conditions, low magnitude pulses (~few hundreds of
V/cm) were required to achieve reversible EP. More recently, devices have
emerged where pulses in the kV/cm magnitude range can reach the nano-
second time scale. In such a case, high magnitude pulses (~few hundreds
of kV/cm) induce reversible electroporation not only of the plasma membrane
but also of the membrane of internal organelles. As it enables the uptake of
molecules that usually display poor transmembrane crossing abilities, EP is
widely used in biomedicine and biotechnology to enhance the transport of
drugs, molecular probes or else nucleic acids, a technique also known as
electropermeabilization.
Atomistic simulations in general and molecular dynamics (MD) simulations in
particular, have proven to be effective for providing insights into both the struc-
ture and the dynamics of model lipid membranes in general. Recent studies
have shown that the method is suitable for investigating the electroporation
phenomena. Several MD simulations have hence been conducted in order to
model the effect of electric fields on membranes, providing perhaps the most
complete molecular model of the electroporation process of lipid bilayers.
Here we extend these investigations to study both the modulation of electropo-
ration thresholds by lipid composition, and the characteristics of the pores
formed under a variety of conditions matching experimental protocols. We
explore also ions and large molecules conducting properties of these pores
and show exquisite agreement with experiments.
